ABSTRACT Background: Prospective studies indicate that tomato consumers are protected against prostate cancer. Lycopene has been hypothesized to be responsible for tomato health benefits. Objective: Our aim was to differentiate the effects of tomato matrix from those of lycopene by using lycopene-rich red tomatoes, lycopene-free yellow tomatoes, and purified lycopene. Design: Thirty healthy men (aged 50-70 y old) were randomly assigned to 2 groups after a 2-wk washout period. In a crossover design, each group consumed yellow and red tomato paste (200 g/d, which provided 0 and 16 mg lycopene, respectively) as part of their regular diet for 1 wk separated by 2 wk of washout. Then, in a parallel design, the first group underwent supplementation with purified lycopene (16 mg/d) for 1 wk, whereas the second group received a placebo. Sera collected before and after the interventions were incubated with lymph node cancer prostate cells to measure the expression of 45 target genes. Results: Circulating lycopene concentration increased only after consumption of red tomato paste and purified lycopene. Lipid profile, antioxidant status, prostate-specific antigen, and insulin-like growth factor I were not modified by consumption of tomato pastes and lycopene. We observed significant up-regulation of IGFBP-3 and Bax:Bcl-2 ratio and down-regulation of cyclin-D1, p53, and Nrf-2 after cell incubation with sera from men who consumed red tomato paste when compared with sera collected after the first washout period, with intermediate values for yellow tomato paste consumption. Cell incubation with sera from men who consumed purified lycopene led to significant up-regulation of IGFBP-3, c-fos, and uPAR compared with sera collected after placebo consumption.
INTRODUCTION
Investigations into a causal relation linking food and cancer have been a challenge for scientists in the nutrition/cancer research area. However, extending the effects of a complex food to one of its components is controversial. Tomato/lycopene intake and its relation with prostate cancer illustrates this fact and is still a matter of debate (1) . However, systematic reviews by the World Cancer Research Foundation (2) and an evidence-based review of studies (1) both concluded that the strongest evidence for an association between tomato consumption and prostate cancer risk came from 2 large prospective studies (3, 4) .
Establishing a causal relation between tomato consumption and prostate cancer risk has led researchers to focus on lycopene. Tomatoes are the main, if not exclusive, provider of dietary lycopene, the carotenoid that gives the fruit its characteristic red color. Lycopene is a potent antioxidant (5) , and it accumulates in the prostate (6) where it could protect DNA from oxidative damage, which is a starting point for cancer development (7) .
In vitro studies have reported potential mechanisms to explain the effects of lycopene on cancer cell development, including inhibition of cell cycle progression/cell proliferation, inhibition of cell growth via modulation of insulin-like growth factor (IGF) axis, apoptosis induction, improvement in gap-junction communication, and antimetastatic activity (for reviews, see references 8 and 9). Unfortunately, most in vitro results have often been obtained with supranutritional amounts of lycopene.
In vivo, lycopene supplementation in the MatLyLu Dunning rat model induced beneficial effects on genes involved in prostate cancer development concomitantly with a reduction of tumor growth (10) . Interestingly, in N-methyl-N-nitrosourea testosterone-treated rats, greater survival was observed in tomato powder-fed animals than in those receiving lycopene (11) .
Two independent clinical studies with similar designs investigated the effect of either lycopene supplementation (30 mg/ d) (12) or the consumption of tomato-based foods, also providing 30 mg lycopene/d (13) , in patients with prostate cancer. In contrast with lycopene alone, the whole-food intervention decreased the concentration of prostate-specific antigen (PSA) and oxidized DNA in prostate tissue, without affecting the mean Gleason scores. Others have also reported the lack of an effect of purified lycopene (14, 15) . In a study in patients with high-grade prostate intraepithelial neoplasia, a transient decrease in PSA concentrations was found with purified lycopene (15) as well as with tomato oleoresin (14) .
More investigations are needed to determine whether lycopene alone can provide the bioactivity of that present in whole tomatoes, even if whole-food intervention may present the complication of lacking a placebo control (16) . On the basis of previous work in rats (17) , we used red and yellow tomato species; the latter lacks lycopene but provides a comparable dietary matrix. To further investigate a potential anticarcinogenic role attributable specifically to lycopene, the participants received supplements in the form of capsules containing either lycopene or a placebo. The biological effects of tomato/lycopene consumption were tested with respect to the expression of target genes after incubation of lymph node cancer prostate (LNCaP) cells with sera provided by the volunteers, collected before and after consumption of tomato pastes and lycopene/placebo capsules.
SUBJECTS AND METHODS

Subject and ethics
Thirty healthy, nonsmoking men (aged 50-70 y old) participated in the study. A history of clinical events was recorded for all the subjects, and a physical examination was performed before recruitment. All recruited volunteers had normal blood biochemical profiles and appeared to be healthy at physical examination, without any chronic disease and/or medication. Exclusion criteria included use of dietary supplements and specific dietary habits (vegetarians). The experimental protocol was approved by the local ethics committee (Clermont-Ferrand, France) and conducted according to the Declaration of Helsinki and French legislation (the Huriet law). The nature and potential risks of the study were fully explained, and written informed consent was obtained from each participant.
Products
Yellow Lorenzo (De Ruiter, Bergschenhoek, Netherlands) and red Cheers (Seminis, St Louis, MO) tomato varieties were cultivated following producers' guidelines for good practice. The tomatoes were harvested over a period of 3 wk and were delivered to the Technical Center for the Conservation of Agricultural Products (CTCPA Avignon, Avignon, France), which is equipped and certified for food processing. The tomatoes were matured to yield the maximal lycopene concentration from red tomatoes and the lowest concentration of acidity for both red and yellow tomatoes. Low acidity was expected to increase the sugar content of tomatoes and thereby to increase their palatability and the compliance of the volunteers. Moreover, to minimize differences in other constituents, the tomatoes were grown in the same field, harvested on the same days, and transformed with similar processes. After sorting and washing, the freshly chopped tomatoes were rapidly heated to .90°C. This hot-break treatment was followed by a refining process. The resulting product was concentrated, pasteurized, and canned. Chemical contents of the tomato pastes were determined by HPLC as previously described (18) ( Table 1) . The purified lycopene and placebo formulations are shown in Table 2 .
Experimental design
The study protocol was registered with the General Health Department of the French Ministry of Health and approved by the regional Medical School Ethics Committee. The study design consisted of a randomized, single-blinded crossover study for tomato paste studies and a parallel study for lycopene studies ( Figure 1 ). After inclusion, the volunteers continued consuming their usual diet for 1 wk followed by a 2-wk washout period on a lycopene-free diet. The individuals were then randomly assigned into 2 groups: group 1 consumed a daily supplement (200 g/d for 1 wk) of yellow tomato paste (YT), whereas group 2 received the same amount of red tomato paste (RT). After an additional washout period (2 wk), group 1 consumed the RT and group 2 consumed the YT. Then, after a final washout period (2 wk), group 1 was given a daily capsule providing lycopene at the same concentration as that contained in the RT (16 mg/d), whereas group 2 daily received a placebo capsule for 1 wk. Tomato pastes and capsules were consumed offsite. During all of the study periods, volunteers were asked not to use sources of tomato/lycopene other than those provided. Pastes were used by the volunteers for processing their meals (eg, lasagna, pizza, tomato sauce) or diluted with water (tomato juice). Participants otherwise maintained their habitual diets and lifestyle. Before each experimental period, volunteers were given cans of either YT or RT for their weekly consumption. At the end of each experimental period, volunteers returned the unused cans, and compliance was also evaluated by an interview with a dietitian.
Blood and urine collection
At the end of each period, 24-h urine samples were collected and separated into aliquots after volume determination and stored at 280˚C. Blood samples were obtained from each volunteer in a dry-gel separating tube (Vacutainer; BD Biosciences, Le Pont TOMATO, LYCOPENE, AND GENE EXPRESSION de Claix, France) and in EDTA-coated tubes (Vacutainer; BD Biosciences). Plasma was obtained after centrifugation (12,000 · g, 4 min, 4°C) and stored at 280°C until further analyses. For plasma vitamin C determination, samples were immediately deproteinized with the addition of 5% metaphosphoric acid (2:1, vol:vol) before storage at 280°C. Serum was obtained after 1 h clotting, centrifuged for 10 min at 1000 · g, separated into aliquots, and stored at 280°C until further analysis.
Carotenoids and vitamins A, E, and C
One volume of serum was first deproteinized with 1 volume of ethanol, and then carotenoids and vitamins A and E were extracted twice with 2 volumes of hexane. Tomato paste extracts were made as described (18) . The extracts were analyzed by HPLC as described (19) . Total vitamin C in deproteinized serum was determined according to the method previously described (20) .
Total cholesterol and triglycerides
Plasma triglycerides and total cholesterol were enzymatically determined by using appropriate commercial kits (PAP 150 and RTU, respectively; BioMérieux, Marcy l'Etoile, France).
Oxidative stress parameters
The ferric reducing ability of plasma (FRAP) was determined in the plasma samples (25 lL), which were diluted twice with distilled water by using the Benzie and Strain method (21) as described previously (18) .
Oxygen radical absorbance capacity (ORAC) was based on the detection of oxidative damage of b-phycoerythrin through the decrease in its natural fluorescent emission after oxidative attack. AAPH [2,2#-azobis (2-amidino-propane) dihydrochloride] was used as a peroxylradical generator, and Trolox (SigmaAldrich, Saint-Quentin Fallavier, France) was used as an antioxidant standard. The assay was carried out at 37°C by using spectrofluorimetry (excitation wavelength, 540 nm; emission wavelength, 565 nm); data were recorded every 5 min for 60 min, until the final value was ,5% of the initial one.
Urinary F2-isoprostane (15-F2t-isoprostane) concentration was determined by using a commercial kit (Oxford Biomedical Research, Oxford, United Kingdom) based on competitive ELISA and performed according to the manufacturer's instructions.
Serum PSA and IGF-I
PSA concentrations were measured by sandwich electrochemiluminescence immunoassay (Roche Modular Analytics E170; Roche Diagnostics, Meylan, France). The PSA detection limit of this system was 0.003-100 ng/mL. The analyte (PSA) formed a sandwich complex with 2 antibodies. One of the antibodies was marked with ruthenium-tris-(2,2-bispyridyl) and the other with biotin. The addition of streptavidin-coated, ironcontaining microparticles provided the means for magnetic separation of the bound ternary complex in the measurement cell. Electroluminescence of the bound ruthenium-tris-(2,2-bispyridyl) was directly proportional to the analyte concentration in the sample.
IGF-I was measured by automated 2-site sandwich immunoassay with chemiluminescent detection (Immulite 2000; Siemens Health Care Diagnostics, Saint-Denis, France). The IGF-I detection limit of this system was 25-1600 ng/mL. Sample pretreatment was first performed in an onboard dilution step. Then, the sample and alkaline phosphatase-conjugated anti-IGF-I antibodies were simultaneously incubated with antibody-coated beads. During this time, the IGF-I in the sample formed an antibody sandwich complex that bound to the streptavidin on the 1 Lycopene product and placebo formulations were provided by Lycored, Beer-Sheva, Israel. CWD, cold-water-dispersible. FIGURE 1. Clinical study design. Washout (Wo) refers to a 2-wk period during which the volunteers consumed their usual diet depleted of all sources of lycopene. In the crossover study, the volunteers consumed 200 g yellow tomato paste (YT) or 200 g red tomato paste (RT) daily for 1 wk, corresponding to 0 and 16 mg lycopene, respectively. During the 1-wk parallel study, the volunteers from the first group (Group 1) consumed 16 mg purified lycopene (LY) daily, and the volunteers from the second group (Group 2) consumed the placebo capsules (Po) daily. Wo 1, 2, and 3 indicate the first, second, and third washout periods, respectively. beads. Unbound enzyme conjugate was then removed by washing, after which substrate was added. The chemiluminescent substrate, a phosphate ester of adamantyl dioxetane, underwent hydrolysis in the presence of alkaline phosphatase to yield an unstable intermediate. Continuous production of these intermediates resulted in the sustained emission of light. The photon output was directly proportional to the concentration of the IGF-I in the specimen.
Cell culture
The LNCaP prostatic cell line was obtained from the American Type Culture Collection (ATCC; Manassas, VA). The propagation medium consisted of ATCC complete growth medium: RPMI 1640 medium with 2 mmol glutamine/L adjusted to contain 20 mmol sodium carbonate/L, 25 mmol glucose/L, 10 mmol HEPES/L, 1.0 mmol sodium pyruvate/L, and a mix of antibiotics (10 lg gentamycin/mL, 100 IU penicillin, 100 lg streptomycin/mL), supplemented with 10% (vol:vol) fetal bovine serum. For propagation, cells were routinely seeded in an 8-cm-diameter plate (5 · 10 3 cells/plate). For the cell proliferation assay, cells were seeded for 48 h in a 96-well plate in complete medium with 10% (vol:vol) human serum. For reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) analyses, cells were seeded in 5-cm-diameter plates under the same conditions in complete medium plus 10% human serum for 48 h. The 48-h incubation time was chosen on the basis of previous assays showing optimum cellular uptake of lycopene (17) and was also verified during the study.
Cell proliferation
The effect of sera on LNCaP cell proliferation was determined by using the nonradioactive bromodeoxyuridine (BrdU)-based cell proliferation assay (Roche, Basel, Switzerland) according to the manufacturer's protocol with some modifications.
The effects of lycopene and its placebo were also assessed in a dose-response experiment (0-5 lmol/L). A solution of 0.1 mmol/L was prepared in the culture medium. The same amount of placebo powder was also dissolved in the culture medium. The equivalent volume of placebo was adjusted to the volume of tested lycopene solution. Lycopene and placebo effects were determined relative to a control value obtained by cell incubation in a medium with neither lycopene nor placebo.
LNCaP cells (5 · 10 3 cells/well) were incubated for 24 h in a 96-well plastic plate in complete medium. For the assay, media from the plates were removed, and media containing human sera or lycopene (or its placebo) were added for 24 h. Twenty microliters of BrdU was then added, and cells were cultured for another 24 h. Incorporation of BrdU into DNA was determined by measuring the absorbance at 450 nm on an ELISA plate reader.
mRNA expression analyses by TaqMan low-density array RT-qPCR Total RNAwas prepared by using the RNeasy mini kit according to the manufacturer's instructions (Qiagen, Courtabeuf, France). RNA concentration was determined with a NanoDrop 1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE).
Reverse transcription of RNA was performed by using the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA). Predesigned TaqMan low-density array (TLDA; 48 TaqMan Gene Expression assays preconfigured in a 384-well format spotted on microfluidic cards; Applied Biosystems), were used in a 2-step RT-PCR process using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems) with a TLDA upgrade (Applied Biosystems). Each cDNA sample (100 lL) was added to an equal volume of 2 · TaqMan Universal PCR Master Mix (Applied Biosystems). After gentle mixing, the solution was transferred into a loading port on a TLDA card (Applied Biosystems). Each sample was analyzed in a single TLDA run for each of the 10 TLDAs by using an Applied Biosystems 7900 HT Fast-Real-Time PCR System. Thermal cycle conditions were as follows: 2 min at 50°C
, 10 min at 94.5°C, 30 s at 97°C, and 1 min at 59.7°C for 40 cycles. Data acquisition was performed according to the manufacturer's suggestions. TaqMan gene expression assays (Applied Biosystems) were used for quantification of mRNA of the respective genes. The expression of 16 housekeeping genes was measured by TLDA as a human endogenous control for each condition in triplicate. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), transferrin receptor (TFRC), and peptidylprolyl isomerase A (cyclophilin A; PPIA) showed good average expression stability [,0.2 crossing threshold (Ct)] (data not shown) and were selected as housekeeping genes with the software program geNorm (Center for Medical Genetics, Ghent, Belgium; available from http://medgen.ugent.be/) (22) . For analysis, expression levels of target genes were normalized to GAPDH, TFRC, and PPIA for each plate. Gene expression values were then calculated on the basis of the DDCt method with normalized data. The washout sera (WoS) condition, collected after the first washout period, were used as reference for the yellowtomato sera (YTS) and red tomato sera (RTS) collected after tomato paste consumption. Similarly, the placebo sera (PoS) collected after placebo capsule consumption were used as a reference for the lycopene supplement sera (LYS) collected after lycopene capsule consumption. Relative quantities (RQs) were determined by using the equation RQ = 2
2DDCt
. Means of RQs obtained with the 3 housekeeping genes were used. Only genes with reproducible amplification curves were analyzed and presented.
Western blotting for IGF binding protein 3 (IGFBP-3) was performed as previously described (23) Statistics Repeated-measures analysis of variance followed by TukeyKramer posttests were performed by using data from tomato paste consumption (YTS and RTS) compared with those obtained after the first washout period (WoS). An unpaired t test was applied to data from lycopene (LYS) and placebo (PoS) consumption. All statistical analyses were performed with GraphPad InStat 3 software (GraphPad, San Diego, CA).
RESULTS
Clinical study
The tomato paste composition analyses showed that YT did not contain any trace of lycopene, whereas RT did contain lycopene. RT also contained a significantly higher concentration of b-carotene (Table 1) .
TOMATO, LYCOPENE, AND GENE EXPRESSION
None of the 30 subjects recruited into the study dropped out. All volunteers complied with consumption rules for both RT and YT. No side effects (eg, diarrhea, carotenodermia) were described by the volunteers or noticed by the investigators. Measurements of physiologic and biochemical variables of the volunteers who were randomly assigned to each intervention group are presented in Table 3 . None of the anthropometric, physiologic, and biochemical variables measured at the time of inclusion significantly differed between the 2 groups. Similar values for biomarkers of oxidant status, as determined by the plasma total antioxidant capacity (FRAP and ORAC) and the urinary concentration of F2-isoprostanes, were measured in the 2 groups. There were no significant differences in serum concentrations of PSA and IGF-I.
As shown in Table 4 , consumption of RT resulted in a significantly higher serum lycopene concentration compared with the washout and YT periods, whereas consumption of YT had no effect on plasma lycopene concentration compared with the washout periods. Serum concentrations of lutein and vitamins A and E were not affected by consumption of tomato pastes and depletions. A slight but significantly higher serum vitamin C concentration was observed in both RT and YT groups compared with the washout period. A significantly higher serum b-carotene concentration was measured in the RT group than in the YT group. All data from serum fat-soluble micronutrients were standardized with triglyceride concentrations.
As shown in Table 4 , lycopene supplementation induced a higher lycopene concentration in the LYS compared with the PoS. The concentration attained after lycopene supplementation did not significantly differ from that attained after RT consumption. The very low concentration of lycopene obtained after placebo intake is due to the long depletion period (ie, 6 wk) without any sources of lycopene. Note that plasma antioxidant capacity and concentrations of urinary F2-isoprostanes and of IGF-I and PSA were close to baseline measurements in all groups (Table 3) after both washout and intervention periods.
Ex vivo study: mRNA accumulation
The accumulation of mRNA was measured by using customized TLDAs after incubation of LNCaP cells with WoS, YTS, RTS, PoS, and LYS. Forty-five genes were chosen for the experiment because of their implication in prostate carcinogenesis and their susceptibility to regulation by nutrients. Among these genes, 8 were not amplified (namely, a-reductase-1, estrogen receptor-1, E-selectin, metalloproteinase-9, V-CAM, cyclooxygenase-2, IL-6 and IL-1-a), whereas 4 showed Ct values that were too high (.31 Ct ) to be considered (FABP-3, IGF-1, connexin 43, and PTEN). The fold inductions of each gene were between 0.8 and 2.5 and are given in Table 5 . In comparison with the WoS condition, only a few genes were significantly regulated when LNCaP cells were incubated with YTS and RTS. Cyclin D1, p53, and Nrf-2 were down-regulated after incubation with RTS, whereas the Bax:Bcl-2 ratio and IGFBP-3 were induced under the same conditions. Cell incubations with YTS showed intermediate values, without attaining statistical significance.
Incubation of LNCaP cells with LYS induced an up-regulation of IGFBP-3 but also of c-Fos and uPAR . The 2 latter genes were not affected by sera from the same individuals who consumed RT.
To validate the TLDA results, the expression of 4 genes regulated by RTS, LYS, or both conditions was examined. The up-regulation of IGFBP-3 and uPAR as well as the increase of Bax:Bcl-2 ratio were confirmed by RT-qPCR (data not shown). The IGFBP-3 result was further confirmed by Western blot analysis (Figure 2 ).
Cell proliferation
The BrdU incorporation assay failed to show any decrease of proliferation after the incubation of LNCaP cells with medium containing 10% human serum (YTS, RTS, and LYS) compared with WoS or PoS, as appropriate. To better assess potential effects of lycopene on cell proliferation, a dose-response experiment was performed with lycopene and its placebo. A dose of 5 lM lycopene was necessary to significantly reduce cell proliferation ( Figure 3 ). This concentration was far above the concentrations of lycopene reached with the sera of the volunteers (60, 30, and 20 nM for RTS, YTS, and PoS, respectively). As expected, the placebo had no effect (Figure 3) .
DISCUSSION
Clinical study
The design of this study allowed us to increase serum lycopene concentration after consumption of RT and lycopene capsules (16 mg lycopene/d) and to decrease it after consumption of YT and placebo capsules. Similar intakes are achieved by diet in several countries (24) . Minor effects on the status of other carotenoids and fat-soluble vitamins that were otherwise due to the usual diet of the volunteers were observed. No modification of the oxidative stress-related biomarkers PSA and IGF-I occurred after nutritional interventions, probably reflecting the good health status of the volunteers. After intervention with tomatoes, improvement of redox status, PSA, and IGF-I is often reported in patients with prostate cancer (13, 25) and in patients with benign prostatic hyperplasia (26) .
Ex vivo study
The ex vivo approach aimed to determine the effect of sera on the expression of target genes of prostate cancer. Incubation of LNCaP cells with sera from healthy volunteers was performed to provide cells with near-physiologic concentrations of micronutrients and their metabolites.
mRNA accumulation
Only a few of the 45 genes plotted in the custom-made array were significantly modulated by sera obtained after either lycopene or yellow/red-tomato consumption when compared with the PoS and WoS. The level of regulation was expectedly low when using nutrients close to physiologic concentrations (27) .
Global comparison of the fold induction of regulated genes showed a systematic intermediate effect of YTS despite similar concentrations of lycopene found in YTS and WoS. Therefore, yellow tomatoes cannot be considered a purely negative control for red tomatoes, and this also indicates that other compounds/metabolites in addition to lycopene are likely involved in the gene expression changes induced by sera from individuals who consume red tomatoes.
Regulated genes were implicated in many functions, including cell cycle regulation (cyclin-D1), apoptosis (Bax:Bcl-2), stress response (p53, Nrf-2), and carcinogenesis (uPAR, c-Fos), and a more systemic role was implied for IGFBP-3, which is involved in cell proliferation and apoptosis (28) . The weak down-regulation of p53 and Nrf-2 after RTS incubation might not be biologically relevant because these proteins are known to be regulated posttranslationally by specific inhibitors (mouse double minute-2 and kelch-like ECH-associated protein-1, respectively) (29, 30) . Moreover, MDM-2 mRNA and antioxidant response element (ARE)-responsive genes (SOD-1, GPX-1) regulated by nuclear factor (erythroid-derived 2)-related factor-2 were unaffected.
IGFBP-3 is the main binding protein for IGF-I in plasma (for review, see reference 28). Furthermore, IGFBP-3 not only modulates IGF-I action but also regulates cell growth, proliferation, and apoptosis in an IGF-I-independent manner. Liu et al (31) showed in ferrets exposed to cigarette smoke that synthetic lycopene supplementation was able to inhibit lung squamous metaplasia and to induce apoptosis via up-regulation of IGFBP-3. Moreover, in human prostate cancer (PC-3) cells, another prostatic cell line, both secreted and cytosolic IGFBP-3 is induced after 48 h incubation with lycopene, concomitant with growth arrest and induction of apoptosis (32) . We observed up-regulation of IGFBP-3 after incubation of LNCaP cells with RTS as well as with LYS, suggesting that lycopene contributes to the regulation of IGFBP-3 expression.
Previous reports have indicated that IGFBP-3 induced apoptosis through regulation of the Bcl-2 protein family (33, 34) . In PC-3 cells, lycopene induced apoptosis, altered the cell cycle distribution, down-regulated the expression of cyclin D1 and Bcl-2, and up-regulated Bax, resulting in an inhibition of cell proliferation (35) . However, these effects were described for high amounts of lycopene. In the present study in LNCaP cells, up- regulation of the Bax:Bcl-2 ratio was observed after incubation with YTS, and was even more pronounced with RTS, but this ratio was unaffected with LYS. Because both RTS and LYS contained similar amounts of lycopene, it is likely that at low concentrations lycopene modulates the expression of these genes synergistically and/or additively with other compounds/metabolites of tomatoes contained in the sera of the RT consumers. In support of this hypothesis, lycopene combined with other nutrients was also found to be an efficient modulater of genes associated with apoptosis. In vivo, a combination of lycopene and S-allylcysteine limited the development of gastric cancer cells and induced apoptosis with modulation of Bcl-2, Bax, bim, and caspases (36) . In the Lady transgenic model of prostate cancer, a combination of lycopene with selenium and vitamin E increased the apoptotic index (37) . Cell cycle arrest is often associated with an increase in IGFBP-3 whose effects can be mediated via p21, p27, and cyclin-D1 (38, 39) . Cyclin-D1 was down-regulated after incubation of LNCaP cells with RTS but not with incubation with LYS. Lycopene and/ or tomato extracts are known to decrease cyclin-D1 accumulation in various cancer cell lines such as human breast cancer (40) , LNCaP, PC-3 (41), human colon carcinoma (42) , human nasopharyngeal tumor (43) , and the human prostate epithelial cell line (44) . Thus, a reduction in cyclin-D1 expression by RTS may contribute to lower prostate cancer risk by limiting cell proliferation. Again, this gene was not regulated by LYS, indicating that other compounds and/or metabolites from red tomatoes may be involved in this regulation.
Except for IGFBP3, none of the aforementioned genes was modulated when LNCaP cells were incubated with LYS. However, c-fos and uPAR were shown to be specifically affected by these sera. The protein product of uPAR facilitates matrix degradation by inducing the activity of metalloproteinases involved in cancer metastasis. The observed up-regulation of uPAR is in agreement with the results from Forbes et al (45) on PC-3 cells. These results indicate that purified lycopene should be used with caution during the aggressive stages of prostate cancers. Up-regulation of the cfos oncogene by LYS also reflected a potential adverse effect of pure lycopene consumption. Induced expression of c-fos in several cell lines (osteoblasts, chondrocytes, MCF-7) increases their motility, invasion capacity, and metastatic potential (46) . Therefore, the up-regulation of u-PAR and c-fos, observed only with LYS and not with RTS, suggests that other components in the matrix of the red tomato are able to counteract the potential harmful induction of these genes by lycopene.
Cell proliferation
Our TLDA results indicate a cellular orientation toward apoptotic induction (IGFBP-3 and Bax:Bcl-2 ratio induction) and cell cycle arrest (IGFBP3 induction, cyclin-D1 repression). However, the sera from volunteers receiving YT, RT, and LY had no effect on cell proliferation, as measured with BrdU incorporation. This observation suggests that gene expression changes occurred well before phenotypic ones. Regarding the in vitro effects of lycopene, 5 lM is necessary to reduce proliferation, a concentration far above the 60 nM found in media containing RTS and LYS.
Together, our data clearly indicate that short-term intake of tomatoes induces changes in the concentrations of serum components that modulate potential cancer-related gene expression in LNCaP cells. Because these effects did not significantly differ from sera collected after the consumption of lycopene-free yellow tomatoes, we conclude that lycopene cannot be the sole component responsible for the putative protective role of whole tomatoes. The higher expression of IGFBP-3 found after incubation of LNCaP cells with sera of individuals who consumed red tomatoes and lycopene also suggests that this carotenoid may act on specific signaling pathways. However, lycopene intake without its matrix also led to up-regulation of procarcinogenic genes. Therefore, it can be stated that tomato consumption may be preferable to pure lycopene on the basis of the induction of these procarcinogenic genes. 3. Mean (6SEM) effect of purified lycopene and its corresponding placebo on lymph node cancer prostate (LNCaP) cell proliferation. LNCaP cells were incubated for 48 h in a medium containing lycopene or placebo. A range of concentrations of lycopene was tested by serial dilutions of a 0.1-mmol/L solution prepared in the medium. For the placebo, an equivalent volume (eq Vol) was adjusted to the volume of lycopene solution added. Control values set to 100% (hatched bar) referred to LNCaP cells incubated with a medium without lycopene or placebo. The optical density was 1.17 6 0.02. The effects of placebo (white bars) and lycopene (black bars) were compared relative to the control.*P , 0.05 (unpaired t test).
